Introduction
Silicon (Si) photonics is a promising technology for realizing electrically controlled optical devices [1] [2] [3] [4] . A basic application of Si photonics is a Si variable optical attenuator (VOA) [5, 6] . A Si-VOA based on a Si wire waveguide (WG) with a sub micrometer core and p-i-n structure shows a response as fast as a few nanoseconds and uniform attenuation in a wide wavelength range [6] . Such highspeed VOAs and their arrays would be very important devices in future telecommunications system. However, the VOA must be polarization independent. So far, Si-VOAs based on WGs with sub micrometer cores have only been operated in the TE mode, and they show an apparent polarization dependent loss (PDL). In this study, we demonstrated a low-PDL Si-VOA based on a rib-type Si wire WG with p-i-n carrier injection structure.
Design
A cross section of the Si-VOA is schematically shown in Fig. 1 . The slab regions on either side of the core are ion-implanted to make a p+ region on one side and an n+ region on the other side. As a result, the device has a lateral p-i-n structure. When forward bias is applied, carriers are injected into the i region, which is the core of the WG, and the propagating light is absorbed by injected free carriers. The attenuation within the VOA can be controlled by injected current.
Here, we show a procedure for evaluating the PDL. The PDL can be expressed as the difference in attenuation between TE and TM modes : |Att. TE -Att. TM |. The Att. TE and Att. TM are calculated as Att. = 4πk/λ, where k is the imaginary part of the complex effective refractive-index (N eff = n + i k ) of the WG and λ is the wavelength. The effective indices of the TE and TM modes were calculated with a numerical mode solver. For the calculation of k, we need to determine the absorption coefficient (α) in the Si core. The α is expressed by the Drude model [7] , and related to the carrier density. From device simulation, the distribution of carrier density can be assumed to be uniform in the core. We therefore determined α to be constant.
We changed the value of k TE and k TM by varying the parameters of the cross-section of the WG (See Fig. 1 ), which are rib height (h), rib width (w), and slab height (h 2 ), and determined the core shape that would provide low PDL. We found that a PDL lower than 1 dB could be obtained when the parameters were w 360 -500 nm, h 300 nm, and h 2 40 -80 nm (Fig. 2) . Figure 3 shows an optical microscope image of a fabricated device. It consists of a VOA, spot-size converters (SSCs) [8] at the input and output ports, and the rib WG section. We used the silicon-on-insulator (SOI) substrate as a starting substrate, with a 300-nm-thick top Si layer and 3-μm-thick buried oxide layer. First, the rib waveguide core was fabricated by electron-beam (EB) lithography and electron-cycron resonance (ECR) plasma etching to a depth of 220 nm. Rib width was set at 3 types of 300, 360, or 440 Fig. 2 Att. TE -Att. TM calculated using w and h 2 as parameters.
3.Fabrication process
TEatt.-TMatt. [ nm. The lengths of the WG and the VOA were 6.3 mm and 500 μm, respectively. The p+ and n+ regions were defined by photolithography and ion implantation. The two ion-implanted regions were separated by a distance of 4 μm. Then, the slab portion around the Si taper region at the SSCs was removed by ECR plasma etching to a depth of 80 nm. Next, Al was deposited by sputtering and the Al pad was formed by wet etching. After that, we formed the second core of the SSCs and deposited an SiO 2 overcladding by plasma-enhanced CVD. Finally, contact holes above the Al pads were formed by plasma etching.
Results
We measured the optical transmission characteristics of the fabricated devices using an amplified spontaneous emission (ASE) light source at λ = 1530 -1570 nm. For the measurements, high-NA single-mode fibers were buttto-butt coupled to the SSCs.
First, we evaluated the PDL from the propagation losses in the TE and TM modes, and the PDL of 0.1 dB was obtained. Next, we measured the PDL of the VOA as a function of injected current. Figure 4 shows the normalized attenuation and PDL of the VOA with the 300-nm-wide core. The attenuation values at 0 mA were normalized to be 0 dB so that we could evaluate PDL only due to the free carrier absorption in the VOA. As the injected current increased, attenuation of both modes decreased with a small difference between them. The PDL of the VOA operation was 0.6 dB at 20-dB attenuation. Moreover, we also measured the VOA with the 360-nm-wide core, and obtained the PDL of 0.8 dB at 20-dB attenuation. The fabricated VOAs showed low PDL in a wide range of core width.
Summary
We have designed and fabricated compact and polarization-independent Si-VOAs. The VOA exhibited excellent characteristics with the low PDL of 0.6 dB at 20-dB attenuation. Attenuation [dB] PDL [dB] Injected current [ 
